Lewis and Brown Norway (BN) rats which are susceptible or resistant to autoimmune reactions against brain antigen, respectively, were inoculated intracerebrally with a neurotropic measles virus. Suckling rats died from a rapidly fatal acute encephalopathy (AE). With increasing age Lewis rats developed a subacute measles encephalomyelitis (SAME) whereas BN rats showed a clinically silent encephalitis (CSE). Infectious virus could occasionally be recovered from SAME animals using cocultivation techniques but not from BN rats with CSE. With monoclonal antibodies against measles virus, viral proteins were localized in brain tissue. Nucleocapsid and phosphoprotein were detected in infected brain cells of all animals with AE, SAME and CSE, whereas measles virus haemagglutinin, fusion and matrix proteins were either reduced or absent, suggesting a restricted synthesis of measles virus envelope proteins. These data suggest that the different diseases of the two rat strains are related to the immunogenetic background rather than to the replication of measles virus in the central nervous system. This animal model provides the opportunity to investigate further the events occurring during establishment of measles virus persistence in the brain, and the genetic control of associated immunological and immunopathological reactions.
INTRODUCTION
Measles virus is associated with two central nervous system (CNS) diseases in man known as post-infectious measles encephalitis (ME) and subacute sclerosing panencephalitis (SSPE) (Miller et al., 1956; ter Meulen et al., 1983) . The pathogenetic mechanisms are not well understood for either disease. Circumstantial evidence suggests that ME may be the result of an autoimmune reaction against myelin basic protein (MBP) in the course of measles virus infection (Johnson et al., 1984; Gendelman et al., 1984) . In SSPE, a persistent measles virus infection plays the central role in the pathogenesis of this disorder, but the events that allow establishment and maintenance of persistence and the factors that eventually lead to the disease process are largely unknown . Several animal models with a measles virus CNS infection have been established and studied (for review, see Morgan & Rapp, 1977; Rammohan et al., 1983) but these experimental systems have not led to an understanding of either the mechanism of persistence, the pathogenicity of the disease or the pathogenetic contribution of the immune responses to the virus infection. Difficulties encountered in these studies are partly due to either the outbred nature of the host studied or the immunogenetic background of the animals used which are resistant to the induction of autoimmune reactions to brain antigens.
Because of the inherent shortcomings of past studies we have established an animal model in Lewis and Brown Norway (BN) rats in which a measles virus (strain CAM) infection leads to different CNS diseases, in order to analyse the complex immunopathological reactions in measles encephalitis. BN and Lewis inbred rat strains were selected because they allow the u.G. LIEBERT AND V. TER MEULEN analysis of immune genetic influences of disease induction with respect to autoimmune reactions as has been demonstrated in experimental allergic encephalomyelitis (EAE) or coronavirus-induced subacute demyelinating encephalomyelitis (Gasser et al., 1973; Watanabe et al., 1983) . In both diseases Lewis rats mount a cell-mediated immune response to MBP which leads to brain tissue damage, whereas BN rats are resistant to either disease. In the present communication, the virological parameters of measles virus infection of Lewis and BN rats are described. In the course of this infection an acute fatal encephalopathy was seen in suckling animals. Four week-old Lewis rats suffered from subacute measles encephalomyelitis (SAME) whereas weanling BN rats did not exhibit signs of clinical disease but may have developed a clinically silent encephalitis (CSE). The differences observed in susceptibility and disease patterns between Lewis and BN rats on the basis of a persistent measles virus CNS infection underline the host genetic influence on this infection.
METHODS
Animals. Inbred specific pathogen-free Lewis and BN rats were obtained from the Zentralinstitut fiir Versucbstiere (Hannover, F.R.G.). Animals were free of measles antibodies.
Virus and animalinoculation. The rat brain-adapted CAM R/40 strain of measles virus was kindly supplied by Dr K. Yamanouchi, Measles Virus Institute, Tokyo, Japan. In our laboratory the virus was further passaged, twice on Vero cells and four times in suckling rat brains. A 25% rat brain homogenate (CAM/RBH, 4 x 10 s TCIDs0/ml) from fatally diseased suckling animals or supematant (CAM/Vero, 8 x 106 p.f.u./ml) from infected Vero cells served as stock virus. Rats were injected in the left cerebral hemisphere with 25 gl of CAM/RBH using a dispenser syringe and in some experiments with CAM/Vero. Control animals were either mock-infected or inoculated with brain homogenate from uninfected suckling rats.
Virus isolation. Attempts were made to isolate infectious virus either directly from tissue homogenate or by cocultivation of organ cells with Veto cells. For direct isolation, brain, spinal cord, lung, kidney, liver, spleen and thymus were homogenized in glass mortars to give a 10% (w/v) suspension. Tenfold dilutions of crude homogenates were adsorbed on monolayers of Veto cells (2 h at 37 °C; 0.4 ml/well of 24-well cluster plate). The cultures were monitored for the occurrence of measles virus c.p.e. The titres of reisolated virus were determined according to a standard formula (Kaerber, 1931) . In cocultivation assays, brain or tissues from other organs were cut to fine pieces with scissors immediately after dissection and mixed with Veto cells. After 24 h incubation the non-adherent cells and tissue debris were carefully washed off, cultures were supplied with fresh media and observed for 3 to 4 weeks with at least two undiluted passages before a negative result was accepted.
Histology. Animals were killed under ether narcosis. Brain, spinal cord, lung, liver, spleen, kidney and thymus were immediately immersed in 4% freshly prepared paraformaldehyde in phosphate buffer (0.1 M, pH 7.4) for 48 to 96 h and embedded in paraffin. Sections were stained with a haematoxylin and eosin, and Luxol fast blue for myelin.
Immunofluorescenee. The structural proteins of measles virus in infected tissue were visualized as described in an indirect immunofluorescence test using monoclonal antibodies which react with five structural components of measles virus, i.e. the N, P, M, H and F proteins (Carter et al., , 1983 Norrby et aL, 1982; Sheshberadaran et al., 1983 ; Sato et al., 1985) . Sections were cut from snap frozen brain material and fixed in ice cold acetone for 20 rain. For controls non-measles virus-specific monoclonal antibodies and brain material from normal uninfected rats were used. In order to evaluate the percentage of cells expressing measles virus proteins P, M, F and H relative to nucleocapsid positivity, double immunofluorescence tests were done as described previously . Serial sections were incubated with a mixture of two antibodies. The one directed against N protein was biotinylated, the other was unlabelled antibody against measles virus P, M, F or H protein. Co-localization of the two antigens in individual cells was determined after subsequent incubation of sections with avidin Texas red and fluorescein isothiocyanate-conjugated anti-mouse immunoglobulin and positive fluorescing cells were counted.
RESULTS

Neurovirulenee of measles virus in Lewis rats
Suckling Lewis rats were inoculated at the age of 1 to 2 days with CAM/RBH or alternatively with CAM/Vero. The virus was administered intracerebrally, intraperitoneally or subcutaneously in separate experiments and the animals were observed for 5 weeks. Only following intracerebral inoculation did acute encephalitis (AE) occur (Table 1 ). Four to 6 days after intracerebral inoculation of CAM/RBH the animals first showed ataxia and tremor of head and neck at rest, high-pitched squeaking, proceeding to opisthotonus and lethargy with cessation of sucking. The disease lasted for 36 to 48 h and was invariably fatal. With CAM/Vero the disease pattern was identical, but incubation periods were slightly longer and only 60~ of the animals developed disease and died. With increasing age at time of infection the incubation period was prolonged, the mortality dropped to 65~o and some animals recovered from the acute disease (Table 1) .
Four-week-old or older Lewis rats either developed AE or SAME when infected with CAM/RBH or CAM/Vero. The subacute disease occurred in up to 20~ of animals with incubation periods ranging from 26 days to 3 months. Arrest of weight gain or weight loss were the first features of the disease. Further clinical signs of SAME included hyperexcitability, unsteadiness, abnormal posturing, paresis of hindlimbs or forelimbs and occasional seizures. The disease lasted for several days up to 3 weeks. About 50~o of the animals died; the remaining animals recovered and were healthy for at least 8 months.
Neurovirulence of measles virus in BN rats
The duration of the disease in suckling BN rats following inoculation with CAM/RBH was longer than in suckling Lewis rats. After an incubation period of 5 to 10 days, BN rats developed AE from which 95~ died (Table l) . In contrast only 17~ of weanling BN rats (3 to 5 weeks of age) developed AE characterized by hunched posture, hyperexcitability and seizures. Most of these animals recovered without relapses. Signs of overt clinical disease beyond 3 weeks after inoculation were not observed except for temporary arrest of weight gain. No BN animal developed a clinically recognizable subacute disease process.
Neuropathological lesions
The AE in Lewis rats was characterized histopathologically by focal mononuclear cell infiltration in the grey matter of both cerebral hemispheres and basal ganglia usually with little or no degenerative changes. BN rats with AE showed primarily degenerative changes of the parenchyma, but few inflammatory infiltrates. Lewis rats which showed a subacute disease clinically, exhibited SAME with prominent lympho-monocytic infiltrations of perivascular spaces. Demyelinating plaques were not detected. In Lewis rats that failed to develop AE or SAME, active encephalitis was not seen histologically. In striking contrast to Lewis rats, 30 ~ of BN rats sacrificed between days 30 and 60 post-infection (p.i.) revealed a CSE in which the inflammatory lesions were distinctly less prominent compared to Lewis rats with SAME. However, widespread astroglial and microglial proliferation was seen and multicystic degeneration of the parenchyma. A detailed description of the neuropathological findings will be published separately. Lewis 6/6* 6/6 6/6 6/6 6/6 AE BN 6/6 6/6 6/6 6/6 6/6 SAME Lewis 9/9 9/9 6/9 5/9 2/9 CSE BN 4/6 4/6 4/6 3/6 2/6 * Number of animals with positive fluorescence in at least one of three investigated brain regions/number of animals tested.
Virus isolation from diseased animals
Infectious virus was easily isolated from the cerebral hemisphere of Lewis and BN rats with AE (Table 2) , whereas from lung, liver, kidney, spleen and thymus no virus was recovered at any time during the disease from animals of either strain. The titre of infectious virus reisolated was 6.0 _+ 1.2 loglo TCIDso per gram of brain homogenate for suckling Lewis and 4.8 + 0.8 log10 TCID50 for suckling BN rats. In older Lewis and BN rats with AE, titres of infectious virus dropped rapidly to less than 102 TCIDs0/g at days 13 and 12, respectively, and to undetectable levels thereafter. In contrast to Lewis rats with AE infectious virus was isolated (by the cocultivation technique at 30 days p.i.), in only one Lewis rat with SAME whereas virus could not be isolated from the brain of BN rats with CSE ( Table 2) .
Expression of measles virus structural proteins in infected CNS cells
For the identification of measles virus-infected brain cells, three different CNS regions from Lewis and BN rats with AE, SAME or CSE were investigated by indirect immunofluorescence using a panel of monoclonal antibodies which react with different epitopes of five structural proteins of measles virus. The intensity and pattern of fluorescence for the individual structural proteins were largely similar to the results recently obtained with SSPE brain material . The fluorescence was restricted to the cytoplasm and cellular processes without staining of nuclei, and no intranuclear inclusion bodies were detected. Antibodies to N and P proteins revealed strong staining, whereas those directed against the two envelope proteins H and F generally gave a weaker intensity and more diffuse staining. Anti-M protein antibodies yielded a moderate fluorescence in the cytoplasm which was sometimes restricted to the cell membrane. In both Lewis and BN rats with AE, all five measles virus structural proteins were detected. In Lewis rats with SAME however, only N and P proteins of measles virus were always seen (Table 3 ). In individual cases one or two of the other proteins M, F and H were not detected. In four animals with CSE, N, P and H proteins were seen, but F protein was found in three and M protein in only two cases. In two BN rats with typical neuropathological lesions of CSE, no measles viral protein was found in brain sections. Even attempts at an acid pH to elute antibodies possibly complexed with antigen did not reveal detectable viral antigen. The percentage of individual cells exhibiting co-localization of N protein and P, M, F or H proteins respectively was determined by double immunofluorescence. Whereas the relative frequency of cells expressing the P protein was above 90~ in the cases with AE and most cases with SAME and CSE the overall percentage of cells positive for H and F proteins was low during AE in Lewis (Table 4 ) and BN rats (Table 5 ). In rats with CSE the H protein was detected in 12~, the F protein in 10~ and the M protein in 5~ of cells staining positive with anti-N antibodies (Table 5 ). In animals with SAME the expression of the envelope proteins was even further reduced and the M protein was virtually undetectable (Table 4) . DISCUSSION This study demonstrates the occurrence of measles encephalitis in Lewis and BN rats after intracerebral inoculation of CAM measles virus, a rat brain-adapted strain. A fatal encephalopathy is seen in suckling animals of both rat strains, a disease which is of no particular pathogenetic interest. At an older age of infection, Lewis rats develop an AE in 75~o and SAME in 20 ~. BN rats exhibit a reduced susceptibility; only 17 ~o of the infected animals develop AE clinically, 50~ a mild subclinical AE and no SAME is seen. However 30~ of BN rats have a CSE which is quite different from SAME. The latter is neuropathologically characterized by a pronounced cellular infiltration with perivascular cuffings which is only rarely seen in BN rats with CSE. The neuropathological changes are obviously not related to the state of virus infection since the virological data obtained in both animal species are rather similar. Only at the period of AE can infectious virus be recovered from brain material, but not during SAME or CSE. At this stage, a large reduction in the expression of the envelope protein occurs in the majority of infected cells which probably prevents the assembly of infectious virus. It is therefore conceivable that host factors are responsible for the different disease courses developing in both rat strains. This hypothesis is supported by data which indicate that in infected Lewis rats with SAME, lymphocytes are sensitized against MBP. Lymphocytes isolated from diseased Lewis rats not only react in vitro in a proliferation assay with MBP but also induce in adoptive transfer experiments EAE-type brain lesions in syngeneic recipients (U. G. Liebert, C. Linington & V. ter Meulen, unpublished observations) . This autoimmune reaction cannot be observed in infected BN rats, an inbred strain which is resistant to the development of EAE (Kornblum, 1968; Gasser et al., 1973) .
The immunohistological data obtained with monoclonal antibodies against measles virus structural proteins point to a rapid development of a defective multiplication cycle in rat brain. Whereas N and P proteins are expressed in roughly the same number of infected cells, the envelope glycoproteins H and F, and the M protein are reduced during the acute phase of infection and disease. During infection these envelope proteins disappear and in some animals are no longer detectable. A similar phenomenon has recently been described in SSPE Liebert et al., 1986) . With immunological and biological techniques, a restriction of measles virus protein gene expression at the level of the envelope proteins was found in SSPE brain tissue. Whereas N and P proteins were always detected in infected brain cells, H, F and M proteins were either drastically reduced or undetectable, despite the presence of all virus-specific mRNAs as shown by Northern blot analysis. However, the mRNAs for the measles virus envelope proteins were, in the majority of the SSPE cases studied, not translatable in assays in vitro. This defect of translatability could be linked in one SSPE case to a high mutation rate at the level of M protein mRNA . Whether the same mechanism occurs in infected rats is not known but it is also possible that a rapid degradation of viral proteins may be responsible for the failure to detect measles virus envelope proteins in rat brains (Sheppard et al., 1985; Young et al., 1985) . On the other hand, a reduced detectability of structural viral components could also be the result of antigenic variation occurring during infection as observed in tissue culture experiments. Antigenic changes at the level of the envelope proteins were seen among nine measles virus strains using monoclonal antibodies (Sheshberadaran et al., 1983) . In order to minimize this possibility we used a large panel of monoclonal antibodies from our own and from other groups which react with different epitopes on each structural protein. In two cases of BN rats with CSE, no measles virus antigen expression could be detected, although all available brain material which clearly showed the typical neuropathological picture of the disease was used for immunohistology and antibodies possibly masking the viral antigens by formation of complexes were eluted from the sections. This finding suggests that in these two animals, the measles virus infection had already been cleared from the brain while the histopathological changes persisted.
The observation of a selective disappearance of viral structural proteins during CNS infection seems to be a general phenomenon for paramyxoviruses and occurs in different hosts. In chronic or persistent CNS infections with Sendal or mumps virus in mice, HN and F structural proteins of these viruses are absent (Kristensson et al., 1983 (Kristensson et al., , 1984 . Furthermore, in persistent virus infections with a human SSPE measles virus strain in hamsters the gradual disappearance of the M protein was seen as the CNS disease progressed to a chronic phase (Johnson et al., 1981) . These findings suggest that factors probably specific for CNS cells interfere with virus replication, particularly when immunological reactions are not yet generated as found in the acute infection of our animal model (data not shown). Little is known about such factors, but it has recently been shown in studies in vitro that transcription of measles virus RNAs can be inhibited in neural ceils by papaverine (Yoshikawa & Yamanouchi, 1984) which results in selective suppression of M protein synthesis (Miller & Carrigan, 1982) . Thus, viral persistence in CNS tissue has been related to the state of neural differentiation.
In the past, measles virus infection in Lewis and Wistar rats has been carried out using the HNT strain of measles virus. In Lewis rats a non-lethal persisting encephalitis was observed and analysed immunologically in relation to delayed type hypersensitivity (Schumacher et at., 1972) . It was found that diseased animals lacked skin reactivity to measles virus which could not be related pathogenically to the CNS disease process. The main changes occurring in measles CNS infection in Wistar rats consisted of a chronic granulomatous encephalitis and retinal lesions resembling retinopathy in man (Percy & Coulter-Mackie, 1982) . In our study the most striking finding concerns the different extent of inflammatory reaction in the CNS of both Lewis and BN rat strains despite only minor differences in measles virus replication in the brain and the reduction of measles virus envelope proteins in infected brain cells. Therefore it is conceivable that the immune system is involved in the development of CNS lesions in Lewis rats which are susceptible to immune pathological reactions. The molecular and immunological analysis of the measles virus infection in rat brain will reveal the parameters that influence the different disease types in these animals. It can be expected that the information gained from this experimental model will influence studies of related human diseases.
